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ABSTRACT

The Murchison meteorite is the best-characterized carbonaceous meteorite with
respect to organic chemistry and is generally used as references for organic compounds in
extraterrestrial material. Among the classes of organic compounds found in the meteorite
are amino acids, carboxylic acids, hydroxy acids, purines, and pyrimidines.
Absent among today's critically important biological compounds reported in
carbonaceous meteorites are keto acids, i.e., pyruvic acid, acetoacetic acid, and higher
homologs. These compounds are key intermediates in such critical processes as
glycolysis and the citric acid cycle. In this study several individual meteoritic keto acids
were identified by gas chromatography-mass spectrometry (GC-MS) . All compounds
were identified as their isopropyl ester (ISP) derivatives. In general, the compounds
follow the abiotic synthesis pattern of other known meteorite classes of organic
compounds: a general decrease in abundance with increasing carbon number within a
class of compounds and many, if not all, possible isomers present at a given carbon
number. The vast majority of the compounds were positively identified by
comparison of their mass spectra to commercially available standards or synthesized
standards.
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CHAPTER!
BACKGROUND OF THE STUDY
Introduction
The term meteor comes from the Greek word meteoron, meaning phenomenon in
the sky. It is used to describe the streak of light produced as matter in the solar system
falls into Earth's atmosphere creating temporary incandescence resulting from
atmospheric friction. This typically occurs at heights of 80 to 110 kilometers (50 to 68
miles) above Earth's surface. The term is also used loosely with the word meteroid
referring to the particle itself without relation to the phenomena it produces when
entering the Earth's atmosphere. A meteoroid is matter revolving around the sun or any
object in interplanetary space that is too small to be called an asteroid or a comet. Even
smaller particles are called micrometeoroids or cosmic dust grains, which includes any
interstellar material that should happen to enter our solar system. A meteorite 1s a
meteoroid that reaches the surface of the Earth without being completely vaporized.
The majority of meteorites are believed to be fragments of asteroids (Hamilton, 1999).
Meteorites have proven difficult to classify, but the three broadest groupings are
stony, stony iron, and iron. The most common meteorites are chondrites, which are stony
meteorites. Radiometric dating of chondrites has placed them at the age of 4.55 billion
years, which is the approximate age of the solar system. They are considered pristine
samples of early solar system matter, although in many cases their properties have been
modified by thermal metamorphism or icy alteration. Some meteoriticists have suggested
that the different properties found in various chondrites suggest the location in which
they were formed. Enstatite chondrites contain the most refractory elements and are
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believed to have formed in the inner solar system. Ordinary chondrites, being the most
common type containing both volatile and oxidized elements, are thought to have formed
in the inner asteroid belt. Carbonaceous chondrites, which have the highest proportions of
volatile elements and are the most oxidized, are thought to have originated in even
greater solar distances. Each of these classes can be further subdivided into smaller
groups with distinct properties (Hamilton, 1999).
There are various types of meteorites. Some meteorite types which have been
geologically processed are achondrites, irons and pallasites. Achondrites are also stony
meteorites, but they are considered differentiated or reprocessed matter. They are formed
by melting and recrystallization on or within meteorite parent bodies; as a result,
achondrites have distinct textures and mineralogies indicative of igneous processes.
Pallasites are stony iron meteorites composed of olivine enclosed in metal. Iron
meteorites are classified into thirteen major groups and consist primarily of iron-nickel
alloys with minor amounts of carbon, sulfur, and phosphorus. These meteorites formed
when molten metal segregated from less dense silicate material and cooled, showing
another type of melting behavior within meteorite parent bodies. Thus, meteorites contain
evidence of changes that occurred on the parent bodies from which they were removed or
broken off, presumably by impacts, to be placed in the first of many revolutions
(Hamilton, 1999).
Particles found in highly correlated orbits are called stream components and those
found in random orbits are called sporadic components. It is thought that most meteor
streams are formed by the decay of a comet nucleus and consequently are spread around
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the original orbit of the comet. When Earth's orbit intersects a meteor stream, the meteor
rate is increased and a meteor shower results. A meteor shower typically will be active
for several days. A particularly intense meteor shower is called a meteor storm. Sporadic
meteors are believed to have had a gradual loss of orbital coherence with a meteor
shower due to collisions and radiative effects, further enhanced by gravitational
influences (Hamilton, 1999). There is still some debate concerning sporadic meteors and
their relationship with showers.
Purpose of the Study
One of the primary goals of studying meteorites is to determine the history and
origin of their parent bodies. Today, the Murchison meteorite is the best-characterized
carbonaceous meteorite with respect to organic chemistry and is generally used as
references for organic compounds in extraterrestrial material. Among the classes of
organic compounds found in the meteorite are amino acids, carboxylic acids, hydroxy
acids, purines, and pyrimidines. Such compounds, important in contemporary
biochemistry, are thought to have been delivered to the early Earth in asteroids and
comets and may have played a role in early life and/or the origin of life.
In essence, this study focuses on determining the nature and the amount of a new
class of compounds that have been found in meteorites: keto-carboxylic acids.

ij
CH 3 - C - R

0

II
-c

-OH

Figure 1.1: Keto-carboxylic acid.
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Absent among (today's) critically important biological compounds reported in
carbonaceous meteorites are keto-carboxylic acids, i.e., pyruvic acid, acetoacetic acid,
and higher homologs. These compounds are key intermediates in such critical processes
as glycolysis and the citric acid cycle. In this study several individual meteoritic ketocarboxylic acids were identified by gas chromatography-mass spectrometry (GC-MS).

CHAPTER II
REVIEW OF LITERATURE

Over the last 30 years, scientists have learned that orgamc chemistry, the
chemistry of carbon-containing compounds, has played a major role in a variety of space
environments. These include gas phase and grain processes in the interstellar medium,
the atmospheric chemistry of several planets and planetary satellites, as well as the
chemical evolution of asteroids and comets (Cronin and Chang, 1993). The occurrence
of organic chemistry in space environments provides potential for chemical evolution of
organic matter in the solar system. The organic matter can also indicate that there is
potential for the origin and distribution of life, thus changing previous theories.
In the early stages of astronomical research, observations revealed simple species

like CI-Li, C2, and CN in Jupiter's atmosphere, comets and circumstellar regions,
however, meteorites, particularly the carbonaceous chondrites, provided the only samples
for direct study of extraterrestrial organic chemistry. Analyses of meteoritic organic
matter and speculation about its origin date back more than 150 years.

These

investigations, particularly those carried out in the last 25 years, now provide a detailed
record of extraterrestrial organic chemistry which illuminates not only chemical
processes in the early solar system, but also presolar events (Cronin and Chang, 1993). A
review of early organic chemistry in the solar system is not important; rather the focus
will be on the work that most influences our current views of the nature and origin of
meteoritic organic compounds. Much of this will focus on work done on the Murchison
meteorite since 1969.

The types of compounds found in Murchison appear to be
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representative of meteorites of its type, CM2. It must be noted that meteorites are not
identical with respect to their organic content and that Murchison is not even
homogeneous in this respect.
Meteorites

This section provides a brief and selective introduction to meteorites and its
terminology. It focuses on the carbonaceous chondrites and attempts to describe their
special characteristics.
Meteorites are identified into three common classes: irons, stones, and stonyirons. Most meteorites are classified as stones and are separated into two groups:
chondrites and achondrites.

The vast majority of stony meteorites are comprised of

chondrites whose prominent trait is the presence of chondrules. Chondrules are "mmsized spherical bodies distributed throughout the stone, which appears to have solidified
from melt droplets suspended in a gas phase prior to their incorporation into the
chondrite" (Cronin and Chang, 1993).
Chondrites are classified into several chemical classes: CI, CM, CO, and CV. These
classes are designated after their typical representatives, the carbonaceous chondrites I
(CI), Murchison (CM), Orgueil (CO) and V (CV), respectively. Their minute and orderly
composition differentiates these particular groupings. The first four classes CI, CM, CV,
and CO make up the carbonaceous chondrites (which have relatively high contents of
carbon ranging from .3% to 3%) and volatile elements Hydrogen, Nitrogen, Sulfur, and
Oxygen.

The following three classes H, L, and LL consist of common chondrites and

the remaining classes EH and EL encompass enstatite chondrites, which is are rare
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meteorites (Cronin and Chang, 1993). Thus, carbonaceous chondrites are by far the most
umque.
Carbonaceous Chondrites

Carbonaceous chondrites are distinctive for many reasons. First, they are the most
primitive meteorites in relation to elemental composition offering insight into the
conditions in the early solar system. This means that this class is the least depleted of
volatile elements.

Carbonaceous meteorites contain a relatively high carbon content,

ranging from 0.3 to >3%. Second, nearly all chondrites are "oxidized with respect to the
ratio Fe (II): Fe (III)".

Third, they are the only chondrites that give examples of

petrographic types 1 (CI chondrites) and 2 (CM chondrites) (Cronin and Chang,1993).
The Cil and CM2 bestow a wealth of organic matter.

It must be emphasized that

abundant organic compounds are observed only in those chondrites containing abundant
clays.
Murchison Meteorite
In 1969, a carbonaceous meteorite fell and burst into fragments over the town of

Murchison, Australia, subsequently giving the meteorite the name Murchison. After the
Murchison meteorite was recovered, a wide array of carbon-containing compounds was
found. Some of the organic compounds that were detected were polar hydrocarbons,
amides, dicarboxylic acids, hydroxy acids, and etc. The meteorite also contained amino
acids; organic compounds carrying both an amino group (-NH2 ) and a carboxyl group
(-COOH) that has equal amounts of left-and right-handed amino acids (Cronin and
Chang, 1993). On Earth there are a great abundance of right-handed amino acids and few
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left-handed amino acids. In all, more than seventy amino acids have been found in the
Murchison meteorite; however the majority of them are not instituted in earthly materials.
The relevance of this discovery is that the Murchison meteorite provided roughly
uncontaminated samples of organic compounds that may have contributed to early life.
Also, the organic matter found in the meteorite is closely associated with organic
compounds that pre-existed in interstellar clouds, which is one of the ways that the
meteorite supplies a unique insight of our early solar system processes.
The Murchison meteorite is the best-characterized carbonaceous meteorite with
respect to organic chemistry and is generally used as references for organic compounds in
extraterrestrial material. Among the classes of organic compounds found in the meteorite
are amino acids, carboxylic acids, hydroxy acids, purines, and pyrimidines. Such
compounds, important in contemporary biochemistry, are thought to have been delivered
to the early Earth in asteroids and comets and may have played a role in early life and/or
the origin of life.
Keto-Carboxylic Acids

A ketone group bonded to a carboxyl group characterizes keto-carboxylic acids.
Ketones feature a carbonyl carbon bonded to two carbon atoms

Figure 2.1: Ketone.
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A carboxyl or carboxylic group is a functional group consisting of a carbon atom and an
oxygen atom doubly bonded to each other. It is the univalent acid radical (-COOH):

Figure 2.2: Carboxyl Group.
where R is a hydrogen or an organic group. Carboxyl groups are characteristic
constituents of more complex functional groups such as carboxylic acids and amides.
They are present in most organic acids, thus making them biodegradable. They are
structurally similar to the carbonyl group. When bonded together, the stucture resembles
the following:

ij
CH 3 - _- C - R

0
11

- c -OH

Figure 2.3: Keto-carboxylic acid.
(Wikipedia, 2005).
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Hydrogen Isotope Ratios of Organic Compounds

Hydrogen isotope ratios of organic compounds m carbonaceous chondrites
provide critical information about their ongms and evolutionary history. However,
because many of these compounds are obtained by aqueous extraction, the degree of
Hydrogen-Deuterium (HID) exchange that occurs during the process needs to be
quantitatively evaluated (Fuller and Huang, 2003). The presence of isotopic anomalies is
the most unequivocal demonstration that meteoritic material contains circumstellar or
interstellar components. In the case of organic compounds in meteorites and
interplanetary dust particles (IDPs), the most useful isotopic tracer has been Deuterium
(D) (Sandford et al, 2001). Each of these processes is expected to be associated with
distinct regiochemical signatures (D placement on the product molecules, correlation
with specific chemical functionalities, etc.), especially in the molecular population of
polycyclic aromatic hydrocarbons (PAHs). These differences may be used to delineate
the various interstellar processes that may have contributed to meteoritic D enrichments.
These processes may also affect the isotopic distributions in Carbon, Oxygen, and
Nitrogen in the same compounds (Sandford et al, 2001). The isotopic composition of
meteoritic organics is key to proving that the meteorite has not been contaminated.

11

The Interstellar -Parent Body Hypothesis
The formation of chondritic organic matter from surviving interstellar organic
compounds has become progressively more compelling. Such a possibility seemed at first to
be precluded by the extreme temperatures thought to have been attained in the solar nebula
and the consequent conversion of pre-existing molecules and minerals to a well-mixed gas
of simple molecular composition. Under such circumstances the nebula would retain no
structural or isotopic "memory" of its initial organic raw materials. This view has gradually
given way to models of the solar nebula in which temperatures where meteorites formed,
about 3 AU from the nascent sun, never exceeded more than a few hundred K (Wood and
Morfill, 1988). Cameron (1973) was the first to suggest that at these distances interstellar grains
might have retained some integrity and that CII chondrites and the matrices of CM2 and C3
chondrites were originally composed of aggregates of these remnants. The discovery of many
isotopic anomalies, that is materials bearing isotopic ratios indicative of presolar
nucleosynthesis, gave clear evidence for nebular inhomogeneity (Clayton, 1978). The first
indication that the organic matter may also have had a presolar origin came from the
discovery that the deuterium enrichment observed in bulk carbonaceous chondrite samples
is concentrated in the organic fraction (Kolodny et al., 1980; Robert and Epstein, 1982). This
suggested the incorporation of interstellar molecules (Kolodny et al., 1980; Geiss and
Reeves, 1981; Robert and Epstein, 1982), an interpretation that has subsequently been widely
adopted as high D/H ratios have been discovered for various classes of soluble organic
compounds as well as the macromolecular carbon.
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In Figure 2.4, all of the ratios are plotted simultaneously and the determined D and
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C

values for classes of soluble organic compounds obtained in collaboration over the last few
years by the Arizona State-Caltech groups are shown (Epstein et al., 1987; Pizzarello et al.,
1991; Krishnamurthy et al., 1992; Cronin et al., 1993). Among these compounds there appears
to be a roughly linear correlation of 6D with 613 C. Such a correlation might arise from a
homogeneous isotopic reservoir if isotopic fractionation of both elements resulted from
the same process(es) operating at different efficiencies according to variations in "local"
conditions. Kerridge (1980) has suggested on the basis of a bulk meteorite 5D-5 15N
correlation a common fractionation process for these two sets of isotopes as well. The amino
acid data are consistent with this suggestion, although additional data are required to establish
this relationship. The range of the isotopic variations is too large to be attributable to
ordinary solar system processes, but it is consistent with interstellar processes. In this
case, variations in "local" conditions such as temperature or fractional ionization would
influence the extent of isotopic fractionation associated with gas phase ion-molecule and
grain surface reactions. Thus, all the organic compounds may have originated from
parental interstellar matter. The fact that some classes of compounds are much more
deuterium enriched than others suggests that local conditions also influence the types of
compounds that are formed as well as their characteristic isotopic enrichments. Notably,
organic chemical and isotopic heterogeneities do exist in interstellar clouds, and cloud
conditions could be correlated with such heterogeneities. Additional abundance and isotopic
data from both astronomical observations of meteorite analyses should lead to a better
understanding of the basis for the apparent correlation.
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The isotopic values might also reflect mixing of small amounts of isotopically anomalous
interstellar material with a much larger reservoir of isotopically normal material formed in the
solar nebula. This idea presupposes that little interstellar matter survived processing in the
nebula and that organic synthesis occurred readily in the solar nebula, for which evidence is
lacking. Application of Occam's Principle to theories of the origin of meteoritic organic
matter leads to the working conclusion that it was all of interstellar origin.
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Molecular Characteristics of Murchison Organic Compounds

The organic carbon of the Murchison meteorite has been found to consist of
macromolecular material

that has

not been

amenable

to

detailed

structural

characterization (Cronin and Chang, 1993). A smaller fraction is accounted for by the
complex mixture of discrete, soluble molecules. These compounds viewed as reaction
products can be a useful source of information in regard to the process(es) leading to their
formation.

Their comparison allows the recognition of several significant common

characteristics.
l.

Complete structural diversity. At a given carbon number, all stable isomeric

forms are present for most classes of compounds at least among the lower
homologues. This suggests synthesis by random processes involving carboncontaining free radicals and ions, independent of directing influences by
catalysts.

The punnes and pyrimidine appear to be exceptions to this

generalization.
2.

No enantiomeric preference. All investigators have found chiral compounds

to be racemic, i.e. to occur as equimolar mixtures of enantiomers.
3.

Concentrations decline with increasing carbon number in homologous series.

This observation is quite general and suggests a progressive build-up of
carbon chains by one-carbon additions.
4.

Branched-chain isomers are predominant. This observation suggests a carbon

chain formation process in which radical or ion stability was influential.
(Cronin and Chang, 1993)
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Isotopic characteristics of organic compounds in Murchison
I

The results of isotopic measurements made on the major Murchison phases are
summarized below in Table 1. Several generalizations can be drawn from these data and
those for molecular species collected in the preceding tables and discussion.
1. The indigenous organic matter is generally enriched in Deuterium and found to
have D values> + 100%0, the heavy end of the terrestrial range (Pillinger, 1984).
2. The indigenous soluble organic compounds are enriched in

13

C relative to

terrestrial matter or, at least, lie at the heavy end of the terrestrial range.
3. The indigenous soluble organic compounds are significantly enriched m

15

N

relative to terrestrial matter.
4. Five isotopically distinct components, exclusive of the "exotic" phases, can be
recognized in Murchison:
a. amino acids: 8D = + 100 to +2500; 8 13 C = +5 to +40; 8 15N = +90
b. other oorganic compounds: 8D = +100 to +1400; 8 13C = -10 to +10 ; 8 15N

s_ +98
c. insoluble carbon: 8D = +500 to +1000; 8 13 C = -15; 8 15N = +18
d. carbonate: 8 13C = +35 to +45
e. phyllosilicates: 8D = -100
5. The monocarboxylic acids are light alkanes show a decline in 8 13 C as carbon
number increases.

17
6. The hydrocarbons differ systemically in 8D with aliphatic < aromatic << polar
hydrocarbons. Higher molecular weight hydrocarbons may be more deuterium
enriched than lower molecular weight homologs (Cronin and Chang, 1993).
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Table 1: Carbon and hydrogen isotopic composition of ma_jor Murchison
phases

an (¾o)

Preparation
Bulk powder

-7.2

(1)

-0.~

-2.4
-4.5
Insoluble carbon

-17.5, -17.6
Phyllosilicates

Carbonate + CO"

-51
-6
-65

-10.6
-10.6
-15.8. -16.2. -16.8
-13.0
-15.8
-15.5
-14.5

Reference

(2)
(3)

(4)
(5)

(6)
(1)
(2)

+830

+664
+483

(4)
(6)
(7)
(3)

+607
+483,+945
-100*

(9)
(5)

-1003
-H03

(7)

(8)

(4)

37.3±3.1

(10)

44.3
45.4

(10)
(1)

44.4
+29.1±.2

(1)
(ID

-32±2

(11) /

(1) Kvenvolden et al. (1970); (2) Chang et al. (1978); (3) Yang and Epstein
(1984); (4) Robert and Epstein (1982); (5) Kolodny et al. (1980); (6)
Swart et al. (1983); (7) Yang and Epstein (1983); (8) Yang and Epstein
(1985); (9) Kerridge et al. (1987); (10) Grady et al. (1988); (11) Yuen« al.
(1984).
(a) Not
determined
directly. (b)
Released by freeze-thaw
disaggregation of Murchison stones.

CHAPTER III
METHODOLOGY
Standards

Acetoacetic acid, Levulinic acid, 4-Acetylbutyric acid, 6-Oxoheptnoic acid, and
7-Oxooctanoic acid were all obtained from Aldrich Chemicals (St. Louis, Mo). The
isopropyl (ISP) standard kit, which contained acetyl chloride and 2-propanol, was
obtained from Alltech Associate Inc. (Deerfield, IL).
Sample Preparation

A 12 g interior sample of the Murchison meteorite, supplied by the Center for
Meteorite Studies from the collections of Arizona State University, was crushed with a
glass mortar and pestle. The powder was placed in a stopper flask with 300 mL of water
and stirred at room temperature, with two changes of water (300 mL each), for a total of
46 hours with brief periodic sonication.

The total extract was centrifuged and

concentrated to approximately 5 mL by rotary evaporation. Ethanol (100%) was then
added to a final concentration of 9%.

After centrifugation to remove the precipitate

(mostly magnesium a:nd calcium sulfates), the supernatant was evaporated to dryness and
adjusted with 1 M HCl to a pH of 2.0. The extract was applied to a 3 x 9.5 cm column of
AG 50-X4 resin, 200-400 mesh, hydrogen form, and the column eluted with 200 mL
water, followed by 200 mL 0.5 M pyridine to elute residual amides, and finally, with 100
mL of 3 M NILiOH to remove basic compounds. The NH.OH fraction was dried by
rotary evaporation. The water and 0.5 M pyridine eluates were combined, concentrated,
made alkaline with ammonium hydroxide, and applied to a 3 x 10 cm column of AG 1X8 resin in the hydroxide ion form. This column was then eluted sequentially with 100
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mL 0.1 M pyridine, 200 mL 0.lM pyridine with acetic acid added to pH 5.33, 200 mL 1
M acetic acid, 50 mL 9M acetic acid and 100 mL 1 M HCI. Each fraction was then
rotary evaporated and dried over NaOH pellets.

GC-MS Analyses
The GC-MS instrument is made up of two parts. The gas chromatography (GC)
portion separates the chemical mixture into pulses of pure chemicals and the mass
spectrometer (MS) identifies and quantifies the chemicals. The GC separates chemicals
based on their volatility, or ease with which they evaporate into a gas. The chemicals in
the mixture separate based on their volatility. In general, small molecules travel more
quickly than larger molecules. One micro liter (1 µl, or 0.000001 L) of solvent containing
the mixture of molecules is injected into the GC injector port and the sample is carried by
helium, an inert, non-reactive gas, through the instrument. The inject port is heated to
cause the chemicals to become gases. The outer part of the GC is a very specialized
oven. The oven is heated to move the molecules through the column. Inside the oven is
the column, which is a 30 meter thin tube with a special polymer coating on the inside.
Chemical mixtures are separated based on their votality and are carried through the
column by helium. Chemicals with high volatility travel through the column more
quickly than chemicals with low votality.
The MS is used to identify chemicals based on their structure. After passing
through the GC, the chemical pulses continue to the MS. The molecules are blasted with
electrons, which cause them to break into pieces and turn into positively charged particles
called ions. This is important because the particles must be charged to pass through the
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filter. As the ions continue through the MS, they travel through an electromagnetic field
that filters the ions based on mass. The filter continuously scans through the range of
masses as the stream of ions come from the ion source. A detector counts the number of
ions with a specific mass. This information is sent to a computer and a mass spectrum is
created. The mass spectrum is a graph of the number of ions with different masses that
traveled through the filter.
In order to make the samples less volatile for GC-MS, the samples must be
derivatized. Acetoacetic acid, Levulinic acid, 4-Acetylbutyric acid, 6-oxoheptnoic acid,
and 7-oxooctanoic acid were all prepared for derivatization with isopropyl (ISP). Each
sample was prepared by adding 2 mL of ISP. It was then heated for 30 minutes at 60°C,
dried by rotary evaporation, and 3 mL of THF was added. Analyses of the derivatized
compounds were carried out with a Finnigan MAT GCQ gas chromatography-mass
spectrometer. The operating conditions were: injection temperature 180°C, two columns
at 45°C degrees heatind at 3°C degrees per minute, and holding at 300°C degrees for 30
minutes.

'

CHAPTER IV
RESULTS

Five keto-carboxylic acids were definitively identified: acetoacetic acid, levulinic
acid, 4-acetylbutyric acid, 6-oxoheptanoic acid, and 7-oxooctanoic acid. The compounds
follow the abiotic synthesis pattern of other known meteorite classes of organic
compounds: a general decrease in abundance with increasing carbon number within a
class of compounds and many, if not all, possible isomers present at a given carbon
number. We have not observed the first member of the series, pyruvic acid, in either
meteorite - this may be due to the known instability of this molecule. The four-carbon
i

homolog (acetoacetic acid), a beta-keto carboxylic acid is also relatively unstable but is
definitely present in the meteorites. The relatively long and sometimes harsh GC

I

I

preparation procedures may also cause losses of pyruvic. LC-MS analysis for pyruvic is
m progress.

-------------------~----------~----------~--------
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Table 2: Keto-Acids identified or not identified in the Murchison meteorite.

Discussion

The discovery of new classes of organic compounds indigenous to a meteorite
must be considered with respect to two questions. (1) Is the presence of these compounds
consistent with the prevailing formation hypothesis? (2) Given the possibility of delivery
of meteoritic compounds to the early earth, are there chemical evolution/origin of life
implications (Anders, 1989; Chyba and

agan, 1992) The interstellar-parent body

formation hypothesis for meteoritic organic ma er proposes that these compounds are
either of interstellar cloud origin or was deri ed. from interstellar precursors by aqueous
phase reactions in the evolving parent bod . B lo

is a possible mode of formation of
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the meteoritic keto acids from known interstellar compounds. Also shown are possible
reactions of the keto acids (using levulinic acid as an example) that may have contributed
to the formation of other (known) meteoritic compounds. These reactions could quite
possibly have taken place in the meteorite parent-body given the reactivity of ketones and
aldehydes towards nucleophiles such as ammonia and cyanide and suggestive evidence of
these types of reactions forming amino acids in meteorites (Botta, 0 and Sephton, 2002).

Figure 4.4: A possible mechanism of reaction pathways.
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If the proposed reactions pathways are significant, isotopic measurements of the ketoacids may show relationships with other classes of meteorite compounds.
The hypothesis is supported by the fact that isomers are identified in the Murchison
meteorite for 6 carbon isomers. Compounds are considered isomers if they have the
same molecular formula (i.e. the same numbers and types of atoms) but different
structures. In particular, structural isomers are compounds that ha e the same molecular
formula but different connections between atoms

ondin° . To ha e both isomers of a

compound is rare on earth, so this provides evid

e

a th findings of keto-acids are

not contamination.
Currently in this study we are in the process o

·o isomers found in the

meteorite: a-methyllevulinic acid and P-meth ·

a.-methyllevulinic acid is

being synthesized by the method of R. Br ttl

. 1960). P-methyllevulinic,

by the method of H. Pauly (Ann. 1914) ·

esis process. Due to its'

instability, pyruvic acid is not successfull_

P. Currently, it is being

derivitized by the method of N. Hoffin:
analysis.

. Soc. 1954) for GC-MS

In this study several indi ·d

· o- acids were identified by gas

chromatography-mass spectrome

' to-carboxylic acids were

definitively identified: acetoacetic a i

_·Ibutyric acid,

6-oxoheptanoic acid, and 7-oxoo•cta!!mc

the abiotic

synthesis pattern of other known

ompounds: a general

decrease in abundance with incr

class of compounds.

These findings can be used for furth.

e·eori es played a role

in the early formation of life. The o-.'"'---·-- cc:~ :::::cs

·~ ili insight into early

solar system processes.
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APPENDIX A

A. Organic Compounds in Carbonaceous Meteorites
Concentration of Compounds

(ppm)

Class

Monocarboxylic acids >300

20
10+

Polar Hydrocarbons 100-120
Sulfonic Acids
Amino Acids
Amides

71

8

60

74
49+

55-70

Aliphatic Hydrocarbons >35

Dicarboxylic Acids >30
Polyols

30

140

38

20+

Aldehydes & Ketones 27

9

Aromatic Hydrocarbons >15-28
Hydroxy Acids

15

Alcohols

8

Amines

11
8

51

10

Basic N-Heterocycles
Phosphonic Acids

2

7

32
4

Purines and Pyrimidines 1

5

87+

Identified
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APPENDIXB

B. List of Interstellar Molecules (141, February 2005)

Hydrogen

Compounds

,HD

Hydrogen

and

Carbon

Compounds

ICH
,-

iclI'
i

lc2

jCH2

C2H

i*C3

1CH3

iC2H2

JC3H(lin)

Jc-C3H

!C4

lc-C3H2

JH2CCC(lin)

!c 4H

!H2C4(1in)

l*HC4H
jCH3C4H

iCH3C2H
jCsH

i*Cs
'iCH
6

*CH4
:*C2H4
:*HC6H

!H2C6

l*C1H
Hydrogen,

1HOC+

(possibly)

Carbon

iCsH

!*C6H6
and

Oxygen

Compounds

HCO+
IH20
IHCO
!H30+---,~
H-O_c_o_ +
~ - iH2CO

. · · · :c ;o" - - - - IC02

---------------- - - - - - - - - - -,
!C30
iCH2CO
IHCOOH
IH2COH+ !CH30H
iCH2CHO
1_c_H_2_C_H_O_H_ CH2CHCHO
-1H_C_2_C_H_O___iC
_ 5_0_ _ _ lcH3CHO
,c-C2H40
jCH30CHO

CH20HCHO

jCH3COOH iCH30CH3 !CH3CH20H iCH3CH2CHO

i(CH3)2CO

Hydrogen,

'NH

Carbon

f;Jj_

(possibly)

IN2

and

Nitrogen

Compounds

,HCN
HNC
N H2
- - - - - - - - - -- -
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I ....................

;N2ii+

, .... h•--•••-••••-•--••• •

,NH3

!iicNii"~

:H2CN

1CH2CN

jCH2NH

lHC2CN

iHC2NC

iCH3CN

!CH3NC

:HC3NH+

1

iHCsN

jCH3C3N

'

'

'

jCH2CHCN

C3N

INH2CN

C3NH

'

*HC4N

;CsN

ICH3CH2CN

!HC7N

CH3NH2
1CH3C5N?

I

iHC9N

1HC11N

Hydrogen,

1NO
'

r··
1HCCN

Carbon

HNO

(possibly),

Nitrogen

1

HNCO

IN20

Oxygen

and

Compounds

i--1

iNH2CHO

Other

1

ISH

:CS

l*SiC

!SiN

j*AlCl

'*KCl

jso
I'SiO

jHF

1s0+
jsis · ····

Species

jNS
1

IHC1

ISiH
*NaCl

1

!*AlF

1

*CP

:PN

1

I

C2S

lso2

Iocs

;Hes+

:c-SiC2

1

*SiNC

j*NaCN

i*MgCN

l*MgNC

*AlNC

,H2CS

HNCS

!C3S

1c-SiC3

j*SiH4

*SiC4

jCH3SH

:css

jFeO

,H2S
'
i*SiCN

I

- Species in Italic have been detected by electronic absorption (visible or UV). When they
have also been detected in radio, they are underligned.
- Molecular ions are in bold face.
- * circumstellar species
- (c) means cycles, (lin) linear molecules

(courtesy of: http://wwwusr.obspm.fr/departement/demirm/list-mol.html)
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APPENDIXC
!Meteorite Types & Percentage that Falls to the Earth
•

I

Stony meteorites
o Chondrites (85 .7%) I
• Carbonaceous
• Enstatite
I
o Achondrites (7 .1 %) I
• HED group
• SNC group
• Aubrites
• Ureilites

I

•

•

Stony iron meteorites (1.5%)
o Pallasites
o Mesosiderites
Iron meteorites (5.7%)

